This work explores the catalytic performance of a 2% ruthenium carbon (Ru/C) catalyst in the low temperature water-gas shift reaction (WGSR). The catalyst synthetized was characterized with X-ray diffraction (XRD) and specific surface area (BET) methods. The gas mixture of 15% carbon monoxide + argon and water were used as reagents. The operations catalytic were performed in a fixed bed reactor over a temperature range of 453-553 K. A numerical fitting algorithm was developed for the estimation of the kinetic parameters in a power-law model for the rate velocity. At 553K, 80% CO conversion was achieved, under steady state. For the empirical rate equation, the activation energy determined from the experimental data, was 190 kJ/mol.
INTRODUCTION
The WGSR is used in the production of ammonia, methanol, hydrogen, and hydrocarbons (Ratnasamy & Wagner, 2009 Saeidi et al., 2016) . The process is a reversible, moderately exothermic, equilibrium limited reaction, Eq. (1). Therefore, the thermodynamics show that low temperatures favour higher CO conversions. However, there is a decrease in reaction rate when we apply such conditions (Mendes et al., 2010a). Phatak et al., 2007) . In this work, the activity of WGSR in low temperatures over Ru/C catalysts was studied, and the kinetics discussed according to the empirical approach.
MATERIALS AND METHODS

Materials
The catalytic support used in this study was activated coal (Carbomafra S. A, Brazil), and the precursor salt was RuCl 3 .3H 2 O (Sigma Aldrich, Germany). Distilled water was used in the dilution of reagents and an oven was used in the drying step.
Preparation and characterization of the catalyst
The 2%Ru/C catalysts were prepared by the impregnation method, the bulk quantity of 2% has a promoter function in the catalyst with the objective of increasing the catalytic activity and facilitating the exchange of electrons between the reactants and the catalyst. Initially, the catalytic support was pre-treated. The activated coal was washed with hot water and the soot formed was removed from the water surface. 0.56 g of the metal salt (RuCl 3 .3H 2 O) were dissolved in 0.25 L distilled water; after dissolution, the catalytic support was added to the Erlenmeyer flask followed by another 0.25 L of distilled water, to give a total of 0.5 L. This process took place under continuous stirring for 48 h. Following, the solution was dried in an oven at 60°C for 24 h.
The precursor was reduced in the presence of an equimolar H 2 :N 2 gas mixture (25 mLmin −1 ) at 400°C, for 6 h (Queiroz et al., 2016). The textural and structural properties were analyzed using BET and XRD methods. The Micromeritics ASAP 2420 equipment was used for BET and the D8 advance model type (BRUKER -AXS) for the X-ray analysis.
Kinetics measures
Kinetic rates were obtained in a fixed bed reactor with internal diameter 0.006 m and height 0.150 m. The reaction run for three hours under atmospheric pressure and the temperature range was 493-553 K. The water and CO flow rates were 1.33 x 10 -7 m 3 /s and 1,67 x 10 -7 m 3 /s respectively. A gas chromatograph was used as the analytic equipment provided with a Poropak Q column and thermal conductivity detector (TCD), argon was used as carrier gas. A gas mixture 15% CO in argon was used.
Data analysis
Equation 2 was obtained according to the experiment performed in the experimental unit assembled as shown in Figure 1 . In this experimental unit the water from the reagent after the reaction stays in the condenser and does not enter the column of the chromatograph. Therefore, the conversion definition equation was not considered.
(2)
Reaction rate
In the empirical approach there is an absence of kinetic mechanism, the reaction rate is determined by the best fit to experimental data. Therefore, one of these models that represented the carbon monoxide conversion is show by the rate expression in 
RESULTS
Catalyst characterization
The results of the catalyst characterization showed that the specific surface area (BET) of the 2% Ru/C catalyst was 656 m , and the mean pore size was 13 Å. The XRD pattern showed characteristic peaks of the support centred on the 2Ө Bragg angles at 10° and 80°, and the presence of metal ruthenium phases with an intensities of 37.1°, 46° and 67.5°. The sample of 2% Ru/C showed an absence of crystallinity of the support, typical characteristic of an amorphous material.
Water-gas shift reaction
The experimental measurements of carbon monoxide conversion versus temperatures (453-553 K) are shown in Figure 2a . At 493 K the Ru/C catalyst already exhibits a catalytic activity yielding a CO conversion of 18%, and at 553 K the CO conversion reached 80%, close to equilibrium conversion. Figure 2b shows the molar fraction of CO at the exit stream, indicating that the CO concentration is stable, reaching the steady state after three hours. These tests were carried out for approximately 4 h for a temperature range of 453-553 K using a feed gas with 11.36% CO, 22.72% H 2 O, and 66.8% Ar. In the studied flow range, no limitations were observed on the external mass transfer. The operations had catalytic control during the entire studied time. All the results were read using the chromatograph and the computer.
Kinetics
Experimental reaction rates were obtained from the experimental runs, with power-law models selected to fit the data. To estimate the temperature dependence of the reaction rate, the kinetic constant (k) was expressed by the Arrhenius equation ( After treating the experimental data with the developed algorithm, in two and four temperatures simultaneously, the estimated value of the activation energy was 190 kJ/mol and that of k 0 was 41.59. The reaction order (related to the exponent of the components concentration) were a=1.1, b=0.53, c=0, d=0, corresponding to CO, H 2 O, CO 2 , H 2 , respectively. Activation energy values found in the literature are listed in Table 2 ; furthermore, they are compared to that of copper catalysts, which are used by the industry.
DISCUSSION
WGS catalytic activity and effect of thermodynamics
The CO conversion reaches a maximum of 30% for temperatures below 513 K. The best activity was observed at the temperatures of 553 K because it achieved a conversion of almost 80%. Conversions close to equilibrium were attained at high temperatures, and no methane was detected during the experiments. The simultaneous analysis of the effect of catalytic activity vs. stability showed that Ru/C catalysts could be a good choice at mild temperatures due to the high activity and stability performance. In the literature, the maximum temperature to avoid the sintering effect is 573K. The experiments show that the catalyst was not deactivated for 3 hours (Mendes et al., 2010b) . As shown in Figure 2b , all runs evolved to a stationary regime, regardless of the operational conditions. However, the evolution of the output composition shows that there is a higher hydrogen production and CO consumption at higher temperatures, during the water-gas shift process. (2003), from a thermodynamic perspective, the efficiency of the WGSR is maximized at low temperatures and excess steam. However, the catalysts available today are kinetically limited when it is desired to achieve a high CO conversion at low temperatures. Thus, to obtain a conversion of about 100% CO, as desired for the use of hydrogen in fuel cells, an increase of the reaction temperature is required to favor the activity of the catalyst.
According to Ladebeck and Wagner
Empirical rate expressions
The power law rates of low temperature catalysts for different conditions was investigated by (2009), using different models available in the literature, introduced a correction factor for porosity, to model a heterogeneous reactor. In this study the value of activation energy using the 2%Ru/C catalyst was 190 kJ/mol using the power law rates. This value (190 kJ/mol) is bigger than the results reported in the literature (see Table 2 ). According to literature the value of the activation energy varies from one chemical reaction to another and the activation energy is a way of identifying reaction pathways. Thus, a greater activation energy indicates a lower probability of the reaction to occur. This result indicates that there was a low catalytic activity, which may be justified by differences in the technique used in preparing the material or differences in the experimental conditions used to carry out the reaction. Gurrath et al. (2000) also studied activated carbon as catalytic support for several catalysts and noted that the type of treatment change the performance of the global response significantly, inhibiting or increasing the occurrence of undesired reactions. The authors realized that significant variations in reduction profiles thermoprogrammed (TPR) of the palladium were depending on the material and the method of preparation in conjunction with the physical and chemical properties of the carrier. 
CONCLUSIONS
The activity of the Ru/C catalyst was tested in the water-gas shift reaction at low temperatures with the aim of producing hydrogen and converting carbon monoxide. Processing tests showed approximately 80% of CO conversion at 553 K. The kinetic parameters were found with the algorithm developed. The empirical rate equation and experimental data were tested resulting in an activation energy value of 190 kJ/mol. Reaction orders were 0.53 and 1.1 for CO and H 2 O, respectively. The value of activation energy was 2-3 times higher than the value found in the literature meaning that there was a low catalytic activity. The catalytic system tested showed that ruthenium and coal activated supports can achieve a better conversion at mild temperatures. Also, the best way to improve the catalytic performance of this material is to study the best techniques to prepare this catalyst and the best experimental conditions.
